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ABSTRACT
VLF-emissions with subharmonic cyclotron frequency
from magnetospheric electrons k ave been detected by
the S 3 A satellite (Explorer 45) whose orbit is close to
the magnetic equatorial plane whe.a the wave-particle
interaction is most efficient. These emissions were
observed during the main phase of a geomagnetic storm
In the nightside of the magnetosphere outside of the
plasmasphere around L = 3 5. Daring the event of
these side-band emissions, the pitch angle distributions
of high energy electrons (>50 keV) and of energetic
protons (>100 keV) showed remarkable changes with
time, whereas those of low energy electrons and pro-
tons remained approximately isotropic. In this type
of event, emissions consist essentially of two bands,
the one below the equatorial electron gyrofrequency,
ffi,, and the other above fH,, The emissions below f 10
are whistler mode and there is a sharp band of "missing
emissions" along f = f110 /2. The emissions above fHo
are electrostatic mode and the frequency ranges up to
3f 1. /2. It is found that these emissions are generated by
the enhanced electron stream penetrating into the night-
side magnetosphere during the main phase of a magnetic
storm.
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A	 CYCLOTRON SIDE-BAND EMISSIONS
FROM MAGNETOSPHEPIC ELECTRONS
1. INTRODUCTION
_	
The interaction between whistler mode waves and electrons in the magnetosphere
is most efficient in the vicinity of the magnetic equator where the wave propa-
gation velocity and its variation along the path of propagation are smallest, cor-
responding to the minimum of the magnetic field intensit y and of its gradient
around the equator.
Since the or{;lt of the S3-A satellite (Explorer 45), whose initial apogee, perigee
and inclination are 5. 24 1^ : , 222 km and 3.6% respectively, is close to the earth's
equatorial plane, the simultaneous observations of VLF-emissions and energetic
electrons by this satellite are particularly favorable for studies of wave-particle
interactions in the magnetosphere (Longanecker and Hoffman, 1973).
VLF-experiments by sate lite were first studied by I unckel and Helliwell (1969),
who have shown by analy.r'-g the OGO-1 data that the source of whistler mode
emissions in the magnetosphere lies close to the equatorial plane. This con-
clusion was based on their finding that the upper frequency limit was proportional
to the minimum electron g,yrofrequency along the field line passing through the
satellite, 
'lid the cyclotron frequency at the eoluator rather than to the localgyrofrequeney. The dominant wave generation in the equatorial regions of the
earth's mar.-netosphere has been also discussed by Russell and llolzer (1970).
Recently, Tsurutani and Smith (1974) showed the equatorial enhancement of
whistler mode wave emissions by investigating the ELF-data obtained by OGO-5.
These previous Investigations were limited only to wave data. Although the wave-
particle interactions as the cause of these emissions were extensively discussed
... these papers, the behavior of particles (especially those of energetic electrons)
were left for spec-elation. In the present study, however, in situ particle obser-
vations are available and the temporal variations of electrons, specifically those
of energy spectra and of pitch angle distributions during the VLF-events observed
by S 3-A satellite are discussed. As a preliminary study of this sul,ject, the
event which took place during the magnetic storm on December 17, 1971 (Orbit
No. 101) is discussed in this paper.
2. INSTRUMENTATIONS
The chara n tertstics of the detectors and of the data obtained by these detectors
are listed in Table 1. The details have been described by each experimenter
in the references indicated in the table.
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Table 1
Characteristics of the Detectors and 
dP
Provided Dhta
Data	 Charketeristic Range 	 Detector and Reference
Electrons	 800 eV to 25 keV
	
Channel Multiplier (1)
Protons	 800 eV to 25 .eV
	
Channel Multiplier (i)
Protons	 24 keV to 1.5 MeV
	
Solid State Detector (11)
DC Magnetic Field	 3-axis Fluxgate
Magnetometer (III)
AC Magnetic Field	 1 to 3000 liz	 Search Coil Magneto-
meter (iv)
AC Electric Field 	 35 Hz to 100 kHz	 Wide Band AGC
lteceiver (v)
Reference (i) Longanecker and Hoffman, 1973
(ii) Williams, Fritz and Konradi, 1973
(lit) Cahill, 1973
(iv) Parady and Cahill, 1973
(v) Anderson and Gurnett, 19'i3
3. OBSERVATIONS
3.1 VLF-EMISSIONS
The event of VLF-emissions in the present investigation was observed for nf.arly
two hours from 20:00 UT to 22:00 UT, which covers the period from the maximum
of the main phase to the recovery phase of the December 17 magnetic storm in
1971 (Cahill, 1973). The mein portion of the record from 20:00 UT to 21:00 UT
is shown in Figure 1. The upper and the lower figure indicate the record of the
AC-magnetic field measured by the search coil mavnetometer (Para(e and Cahill,
1973) and the AC electric field measured by the wide-band recorder (Anderson
and Gurnett, 1973), respectively. Locations of these emissions observed by the
S3 A satellite are shown b y a hatched band along the O.-bit No. 101 in Figure 2.
Two short lines, P. P. in this figure indicate approximated positions of the
plasmapause (Maynard and Cauffman, 1973). As can be seen from the figure,
the VLF-emission occurs outside of the plasmasphere in the nightside of the
magnetosphere during the period of high geomagnet;^ activity.
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Figure 1. A part of the VLF-emission event observed by the
S 3-A satellite on December 17, 1971, for the period
from 2011 to 21h UT. The upper and the lower figures
Indicate the emissions of the AC-magnetic field
(f G 3 kliz) and of the AC-electric field (f G 10 kiiz ),
respectively. (Disapp(•arances of the emission at
several locations are mostly due to the AGC of the
detector. )
Another significant characteristic of these emissions is the distribution of emitted
wave free- encies, f, which consists essentially of two bands, I. e. , f < f11 and
V f < .If1 ,/2. This is shown in Figure 3, where the observed frequency, f (in
kliz), 13 plotted against the electron cyclotron frequency, f11 (in kliz). (f1i is
obtain ,-,d from the observed magnetic field intensity along the orbit. ) Since the
orbit is close to the geomagnetic equatorial plane (the maximum geomagnetic
latitude during the event was 5. 1 0 at 2000 UT, Cahill, 1973), f11 can be regarded
as the minimum elect ron- gyro frequenc y, f11,, along the field line which passed
through the location of the satellite at the time of the emission event. The vertical
dashed lines and full lines in Figure 3 indicate the approximate frequency ranges
of the magnetic (f = fhb and electric (f = ) emission components corresponding
to those shown in Figure 1.
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Figure 3. The distribution of frequency, f (in kHz), of VLF-
emissions observed by the S;-A satellite during the
magnetic storm on December 17, 1971, plotted
against the local cyclotron frequency of electrons,
f,, (in kHz), along the orbit. Vertical dashed lines
and full lines indicate the range of frequencies in
magnetic field (f = f ,) and in electric field (f = f, ,. ),
corresponding to the emissions shown in the upper
and the lower parts of Figure 1, respectively.
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The emissions with frequencies larger than f,, are detected only by the electric
field measurement. (This conclusion is based on inspection of the original data
corresponding to the left portion of Figure 1 where the emission frequency is
below the magmetometer high-frequency cutoff, 3 kiiz. ) The emission above f„
Is therefore of electrostatic wave mode, whereas those below ^, are the whistler
mode.
:3.2 ELECTRONS
One of the remarkable variations of electrons observed during these VLF-
emission events is the change in the pitch angle distributions of high energy
electrons. Figure 4 shows the pitch angle distributions of selected electron
channels with energies from 2 keV to 400 keV observed at three locations indi-
cated by A, Ii and C in Figure 2. The mean energy E, the width of energy
spread in the measurement, AE, and the detector making the measurement are
listed in Table 2. As can be seen from Figure 4, pitch angle distributions of
low energy electrons remain essentially the same during the event, I. e. ,j  (E)> j i g (E) for E <10 keV, where j l (E) and j 11 (F.) are the intensity (counts
per sec. ) of electrons with energy E at pitch angle 90° and at the smallest ob-
servable pitch angle (-200 ), respectively. On the other hand, the pitch angle
distributions of high energy electrons (F. > 50 keV) change from the so-called
"butterfly" type distribution at 20h 10'" UT, 1. e. , j  (E) < 'I, (I:), to the normal
loss-cone type distribution, j l (E) > J 11 (E) at 21'20- i'T.
Intensities of high energy electrons with small hitch angles, j ii (E a 50 kcV),
are nearly constant (luring these periods, whereas those of large pitch angle,
jl (E > 50 kcV), increase drastically during the event. This can be seen more
clearly from Figure 5, in which 1 1 (E) and ja i (E) are plotted against time fr.--)m
201 0011' ITT to 21"30" UT by full lines and clashed lines, respectively. It can be
seen also from this figure that jl (E) and J,, (E) both decrease in the same period
at the low energies, I. e. , for E < 10 keV. This is also indicated by the harden-
ing of the energy spectra as shown by the plots of -yl and y11 against time in the
bottom of the figure, where yl and -yl , are the powers of the differential energy
spectra of electrons, 1. e. , 1,a E el and j « E'^ 11 , respectively.
3.3 PROTONS
Temporal variations of the pitch angle distributions and the intensities of pro-
tons (1 - 139 keV) observed by the S- c-A satellite during the magnetic storm of
December 17, 1971, have been investigated and reported in detail by Williams
and Lyons (1974a, b). As can bt seen from Figure 4 in their paper (Williams
and Lyons, 19741)), the pitch eagle distributions of protons from 1 keV to 340
keV are flat-topped, but occF.sionally concave at 900 at the time of VLF-emissi,m
9
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Figure 4. Pitch angle distributions of electron cones at three locations shown
in Figure 1. The time corresponding to the locations are A, 21P10'
LIT; B, 20h4 01° ITT and C, 22h 2001 UT, respectively. The vertical
scale (in logarithmic) is j(a)/J ,, where a is the pitch angle and J. is
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Taole 2
The Mean Energy, E, the Width of Energy Spread in the
Measurement, AE and the Detector
E (in keV) I AE (in keV) I	 Detector
1.760 0.546 Channeltron*
2. 6 N. 0.835 Channeltron*
4.040 1.252 Channeltron*
6.040 1.872 Channeltron*
9.160 2.840 Channeltron*
	
55.	 38.	 Solid-State Detector
	
105.	 49.	 Solid-State Detector
	
188.	 104.	 Solid-State Detector
	
.325.
	 125.	 Solid-State Detector
*During orbit No. 101, this detector was not operating
over its full energy range 1. 2 to 25 keV.
event li. n. , in bound Orbit 101 at L = 5.2 - 4. 7). It is concluded that these pro-
tons are mainly the ring current protons in the strongly turbulent outer region
of the magnetosphere where the plasma from the earth's tail (plasma sheet) has
penetrated inside the orbit of the satellite.
4. DISCUSSIONS
The characteristics of the VLF-emissions shown in Flpure 1 can be summarized
a. folio vs:
(i) The emissions occur during the main phase of a magnetic storm.
(ii1 The emissions take place outside of the plasmasphere in the nightside of
the magnet-)sphere.
(tit) The emissions consist of the following three significant frequency regimes:
(a) f < fHo/2, (b) f _> fii ,,/2 9nd (c) f < 3f ,/2 where f,,. is the electron cyclotron
frequenr.: at the magnetic equator.
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Emissions of regimes (a) and (b) are whistler mode waves, whereas emissions
of regime (c) are electrostatic mode, corresponding to one of the so-called
Bernstein mode waves.
(iv) Subsequentiv, there are two bands of "missing emissions" between the three
hands of emissions, I. e. , f = f110/2 and f ~ fli .
(v) Although the intensity of the emissions fluchiate with time, possibly with
some fine structures, the duration of the whole event is very long, 1. e. , more
than two hours.
The characteristics (i) and (ii) indicate that the source of these emissions is
linked to the particles in the asymmetric ring current developing the main phase
of the magnetic storm. Possibly the VLF-producing particles are the energetic
electrons which have penetrated into the nightside of the magnetosphere from
the plasma sheet and are drifting eastwards aft ,,.. encountering the steep gradient
of the earth's magnetic field. Entry of these electrons into the magnetosphere
Is associated with ring current protons during the developing stage of the main
phase of the magnetic storm. Those protons carry the most part of the ring
currant energy (Smith and Hoffman, 1973, 1974) .
Since the pitch angle variations of high energy electrons (>50 keV) during the
emission eveni are quite drastic (as shown in Figures 4 and 5), the VLF-emiF;sion
mechanism and its energy should be directly related to energetic electrons.
To consider the relation between the emiss:_)n and the particles in the magneto-
sphere during these events, the behavior of electrons .end protons observed by
the satellite will be worth summarizing as follows:
(1) The hitch angle distribution of the low energy electrons (1 10 keV) in the
asymmetric ring current does not change during the event. It stays essentially
in the normal rounded top type distribution with an intensity maximum at 900.
(2) As the VLF-emission event progresses with time, the pitch angle distributions
of high energy electrons (>50 keV) indicate remarkable variation from the
butterfly type (with the intensity minimum at a = 900 comparable to the intensity
inside the loss-cone, leaving an intensity maximum somewhere around 200
 or
less) to the normal rounded type distribution with a maximum at a = 90%
13) In the later stage of emission, when the pitch angle distribution of electrons
approaches the normal rounded type, the pitch angle distribution shows signifi- 	
•
cant "shoulders, " as can be seen from Figure 4. This indicates the existence
of the two types of pitch angle diffi:sion process as discussed by Lyons, et al.
10
(1971, 1972), 1. e. , the one acting effectively near a • 90 0
 (the Landau resonance),
and the other is most effective in the smaller pitch angles (the cyclotron reso-
nances). The shoulder in the electron pitch ankle distribution corresponds to the
angular regime of weal: diffusion between these two pitch angle regimes of strong
diffusion. The details of electron pitch angle distributions observed by the 83-A
satellite and its theoretical interpretations were discussed recently by Lyons
and Williams (1975).
(4) The intensity of low energy electrons (< 10 keV) decreases slowly with time
during the event. As can be seen from Figure 5, the rate of decrease is larger
for the component with small pitch-angle, i, j , than for the large pitch angle
component, it.
(5) On the other hand, the intensity of high energy (>50 keV) electrons with
large pitch-angle, il . shows a remarkable increase with time during the event,
while that of small-i)iWh angles, i ll , stays relatively constant. In the later stage
of the event, i 1, of high energy electrons also increases slightly, as can be seenfrom Figure 5.
(s) Ct)rresponding to the different trends with time in high energy electrons and
in low energy electrons described above iii (4) and (5), the electron energy spec-
trum of these electrons becomes harder as the VLF-event progresses. This is
shown by the decrease of yl and yl, with time, as plotted in the bottom of Figure5. Thee to the drastic increase of high energy electrons of a = 90° component,
the rate of decrease of 'yI is larger than that of y 11 .
It should be noted that the observation of these time variations of the VLF-
emissions and of the electrons is made, by the satellite along Its inbound orbit,
as shown in Figure 2. Thu hardening; of the energy spectrum of electrons is,
thei efore, essentially due lb the inward cross-magnetic diffusion of those geo-
magnetically trapped electrons. In other words, the satellite is observing es-
sentially the same group of ring current electrons at different locations in the
magnetosphere, I. e. , the nardening of the energy spectrum of electrons parti-
cularly those of large pitch angle component is mainly spatial rather than temporal.
It should be also noted that the shift of the VLF-emission frequency to higher
frequency (as shown in Figure 1) is a spatial effect, d::e to the increase of the
magnetic field as Cie satellite moves toward the earth.
(7) Since the magnetic storm time variation of protons on December 17, 1971,
in the nightside of ;. 11e magnetosphere has been investigated in detail by Smith
and Hoffman (1973) and by Williams and Lyons (1974a, b), the variation of pro-
tons during the VLF-event (20 - 22 UT on December 17, 1971) can be examined
from their results.
N
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iAccording to Williams and Lyons (1974a, h), the pitch angle distribution of pro-
tons does not Ind: to drastic change as occurred in that of electrons,
One of the peculiar features of the VLF-emissions is the existence of two hands
of "missing emissions" (as shown in I igure 1). This was also observed outside
the plasmasphere in the nightside near the equatorial plane during other magnetic
storms, by triaxial magnetic sensors on the OGO-5 satellite (Tsurutani and
Smith, 197-1). S1.rce the frequency range observed by OCrO-5 was 1500 - 10 liz,
correspondinK to L - 5 - 10, the emissions are called post-midnight ELF-chorus.
Tsurutani and Smith speculate that these ELF-emissions are generated by ener-
getic electrons (>40 keV) injected into the midnight sector during a magmetospheric
substorm, interacting with whistler made vAN , es arorn:nd the equator. The ex-
tinction of the emission in the frequency band near 0. 5frr is considered to be due
to Landau damping. Particles in cyclotron resonance with waves for which f =
fm/2 have a parallel velocity VII = Vpy, where Vpi , is the phase velocity of the
wave. Thus it is concluded that electrons travelling opposite to the waves and
in cyclotron resonance with them fit this frequency, I. e. , f = fr{ r2, will cause
wave growth, whereas particles v 3ith the same VII but travelling in the same
direction as the waves will cause wave damping (Tsurutani and Smith, 1974),
liurtis and Helliwell (1969) detected similar VLF-emissions, using the magnetic
loop antenna on the OGO-1 and 3 spacecrafts. They concluded that the half-
gyrofrequency effect is related to the topological change in the refractive index
surface that occurs at half the electron gyrofrequency, I. e. , the propagation
effect. Although liurtis and Helliwell did not discuss the extinction hand at
^, /'2 in their results, the existence of this kind of missing emission hand !s
also clear from Figure 3 of their paper in the frequency range 7 - 20 kllz. In
this plotting, they used the Williams and Mead (1(W;5) magnetospheric model.
If the magnetic field intensity measured by the on-board sensors is used, the
band of missing emission at fi^/2 might have been seen even below ti kliz in their
results.
Now, let us examine the energies of electrons interacting with Doppler-shifted
whistler waves. The kinetic energy of resonant electrons, F L	 Vk, can be
obtained as a function of wave frequency by eliminating the wave number, kll
from the resonance condition
w - kll V k = nS2, , (n = 1, 2 • • • )	 (4.1)
and the dispersion formula of the wave propagating parallel th the magnetic field
12
hk2,
' 
c2 	 w1S_	 P
W2	 w111, -w)
g-iving,
m c 2 	 1 12 - wl3
E R = C	 (for n = 1).
wpw
where m,e 2 '- 500 keV, the plasma frequency, w r, must be assumed -nee the
plasma density is not measured by the S 3--A on-board detector whereas the elec-
tron gyrofrequency, Sl,, can be accurately calculated by using the total magnetic
field tntenst'y measured by the on-hoard magnetometers.
The enerdes of electrons in resonance with whistler mode waves of frequencies
around half gyrofrequency of electron, L e. , f/fH = 0. ,4 0.5 and 0.6, at three
locations, A, B and C shown in Figure 2, are listed in Table 3 for two values
of assumed plasma densities, N, - 10 and 1 cm' ; , respectively. Since the ener-
gies of electrons in resonant with whistler mode waves changes approximately
from 1 keV at 20" UT to 100 keV at 21 h UT as shown in "able 3, Figure 5 indi-
cates that these whistler mode emissions are caused by the enhancement of the
corresponding energetic electrons at each location in the magnetosphere. Thus,
the variations of electrons and of VLF-emissions are from spatial distributions
rather than the temporal variation.
(4.2)
(4 . 3)
I	 if
In th- upper part (a) of Figure 6, a schematic expression of VLF-emissions and
their damping based on the combination of two theoretical studies is presented.
The emissions of frequencies f - fri/2 are generated by the instabilities of 'triple-
structure' loss cone type electron pitch angle distributions of electrons, which
consist of thermal (2 - 5 eV), quasithermal (10 - 50 eV) and transient beam
electrons (100 eV) as given by Matsumoto and Kimura (1971). The calculation
on these instabilities are extended from the linear theory to the non-linear
numerical simulations. As shown in the lower part (b) of the figure, the non-
linear growth rate reduces the growth rate given by the linear theory beyond the
characteristic growth time. In the non-linear theory, thc frequency of maximum
growth rate shifts towards higher frequency. 71iLi is, however, negligibly
small to be shown in the figure. The emission below the half electron gyro-
frequency indicated in Figure 6(a) is due to the non-linear theory by Sudan and
Ott (1971), assuming the energy of beam electrons to be 50 keV. In this sche-
rnatic expression, an analytic formula derived by Denav3t and Sudan (1973) is
actually used simply to show the frequency dependence of the growth rate. In
general the frequency range near the electron cyclotron frequency, ftr, is hard
to excite unless a very large anisotropy exists in the pitch angle distribution,
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Table 3
Intensity, J. (CM-2 sec" ] str -1 keV " 1 ), and Kinetic Lbergy, E k
 
On keV),
of Electrons in Resonance with Whistler ;Mode Waves (f/;,)
at Locations A, D, and C Shown in Figure 2
i i ^ (k11z)
ER
A
2.88
JR ER
I3
3.89
JR ER
C
21.6
JR(i)	 If Nc —' 10/cc
f/f j = 0.4 1.8 2 x 109 2.9 1.1 X 109 100 5 x 10`
0.5 0.9 >2X109 1.5 >1.2x109 58 5.4X105
0,() >2 x 109 0, (i >1. 2 x 109 18 (>106)
(it) If N =1/cc
f/fii = 0.4 18 (>106) (30 > 10°) 1000 -
0. 5 9 5 x le 15 ^-10" 580 >10 3 
u.6 3 7X10' 6 4.3x108 180 8x104
It should also be noted that the non-linear theory by Sudan and Ott (1971) as well
as by Denavit and Sudan (1973) are based on the narrow band approximation. In
this respect, it is questionable to apply the theory of %dan and Ott (1971) to the
present problem of the broadband whistler mode noise interacting with electrons
of wide-range distributions.
Furthermore, the gap of missing emissions at ^,/2 shown in figure 6(a) is too
wide as compared with the observed gap shown in Figure 1. Although this gap
of missing emissions widens vAth increasing frequency (see Figure 1), other
mechanisms, such as the evanescent mode of beam-wave interaction discussed
by Briggs (1969) and by Neufeld and Wright (1963) can he considered as possible
sources of this sharp extinction hand of emission.
Summarizing the simultaneous measurements of VLF-emission and energetic
particles made by the on-board detectors of the S ;-A satellite during the main
phase of the magnetic storm on December 17, 1971, the follo%%Itig significant
points are found: (1) These emissions are related to energetic electrons whose
energy spectra and pitch angle distributions indicate remarkable variations
i tiring the emission events. (2) The emission; occur outside of the plasma
sphere in the nightside magnetosphere where the energetic ring current protons
and electrons are drifting from the plasma sheet in the earth's magmetic tail.
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Figure G. (a) A schematic plot of the whistler mode emissions based on
the combination of the theoretical studies by Matsumoto and
Kimura (1971) and by Denavit and Sudan (1973), (b) The growth
rate of emissions corresponding to time variation shown in (a),
which presents the frequency dependei:ce of the wave generation
and attenuation,
(3) The emissions consist of whistler mode waves and the electrostatic mode
emission. (4) The whistler mode emissions are generated by the instabilities
of relatively low energy electrons at L_>4 ( — I keV) with the broadband whistler
mode noises in the magnetosphere. Later they shift to higher energies (>100 kev)
as L-value decreases. (5) The electrostatic mode emission might be one of the
Bernstein mode waves with frequency f < 30. These emissions are, however,
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not investigated in the present study. (6) The whistler mode emissions have a
sharp hand of missing emissions (the extinction band) at f/2. This gap (the
extinction band) can be due to the evanescent mode of heam-wave interaction
discussed by Briggs (1964). However, if the center frequency of this missing
emission hand is exactly a half election gyrofreuenc ,y ;/2, the extinction can
be due to the peculiar propagation characteristics of whistler mode waves of
frequency f,/2 at the geotnagnetie equator. This point will be further investi-
gated  with other similar events which occurred in different magnetic storms.
7) The role of ring-current protons in these events is unclear,
AChN( W' „' ( F + t N r.
AC-magnetic field data, VLF-electric field data and particle data are provided
by Professor L. J. Cahill, University of Minnesota, by Professor D. A.
Gurnett, University of Iowa and by Dr. R. A. Hoffman, the project scientist
of the SL A satellite, at the Goddard Space Flight Center, respectively, to whom
I am very grateful. 1 would like to thank Roger R. Anderson, University of
Iowa, for his cooperation in editing VLF-data for the present study and to Naren
Bewtra and Chris Gloeckler of G. S. F. C. for their help in computer analysis of
particle data.
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